Adhesively bonded structures are increasingly being used for marine applications. One such application involves the use of adhesively bonded cylinders of polyethylene-rubber-steel. Steel forms the inner-most cylindrical lamina and polyethylene forms the outermost layer of this component. The adhesively sandwiched lamina, rubber, is subjected to axial shear loadstangential to the curved surfaces. For this component to perform well under load it is necessary that the adhesive bonds at the polyethylene-rubber and steel-rubber interfaces be strong and free of any deleterious delaminations. Any surface areas which are devoid of adhesive, have trapped gas, are not chemically bonded by the adhesive or are simply in mechanical contact, form areas of delaminations detrimental to the performance of these components.
In this paper we discuss the effect of delaminations on the propagation of ultrasonic waves through such a component. The physical parameters, such as amplitude and phase velocity of interrogating ultrasound are affected by the elastic properties of constituents of medium (i.e. multilayered structure) of propagation. We show how the variation in the intensity of transmitted ultrasound can be digitized, transformed into a two dimensional image and interpreted. The digitized data is wrapped to depict the three dimensional image of the transmitted amplitude. Image analyses, such as statistical histograms, are used to interpret the variation in the amplitude and the delaminations.
THEORY
We review briefly the effect of a delamination on the propagation of ultrasonic waves through cylindrical layers as shown in Fig. 1 . Let us assume the incident wave is norrrml to surface of the multilayered structure, i.e. only compressional waves are propagated. It can be shown 1 -3 that the reflection pressure amplitude from this entire set of layers is given by (1) where Z?n is the input impedance of the entire set of layers. The input impedance of the system is determined by the equation (2) (3) Pj is the mass density of the jth layer, ci is the velocity of propagation of the acoustic mode under consideration for the jth layer, ()i is the angle of incidence at the jth and (j + l)th layer interface and ki is the complex wave vector of the layer, to include the effect of attenuation.
The transmission amplitude for these layers is given by
where cjJ j is the advance in phase in layer j. We assume that a de bonded area or delamination consists of air or vacuum. Since Pair == 0, Pvacu = 0, consequently Z 3 == Pairc air = 0, which implies Zrnput == 0 . Physically this implies that if there is a disbond in the layer 3 the incident energy from the previous layer is essentially reflected back, giving T system == 0.
(5)
A similar argument applies to the delamination at layer 5. In practice, the transmission through a delamination is never completely zero. In the presence of a thin (dj =:;; A, wavelength) delamination, some energy, though very small, does get transmitted due to the close proximity of the steel-rubber or rubber-polyethylene laminates. Consequently there is reduction in contrast between the images from "good" to "bad" regions.
Let us now consider the effect of delamination on the reflection coefficient. Since the thicknesses d 3 and d 5 of the adhesive layers are very small, it is to difficult resolve temporally the echoes reflected from the front and back surfaces of such layers. Consequently one depends, for the purpose of analysis, on the effect of loading of the incident acoustic field due to the presence of adhesive layer i.e. difference in amplitude due to presence or absence of adhesion. In pulse echo mode, the difference in amplitude of the echoes reflected from polyadhesive interface with or without a good bond is comparable to the noise level. From Equation (1), one can show that change in reflection amplitude due to a layer of small thickness, i.e. , dj << A, is essentially independent of impedance of the j'h layer. It is dominated by the acoustic properties of (j -1) and (j + 1) 1 h. Therefore, a digital image of the amplitude variations of such an echo cannot clearly detect the areas of delamination (Fig. 2) . However, a digital image formed by gating the echo from the rubber-steel interface can clearly detect the delamination between poly and rubber. Even though only one transducer is used to perform pulse echo experiments, it really gives information about transmission through interfaces. For such a case the transmission through a delamination between poly-rubber would be almost zero and consequently the reflection from the rubber-steel interface in pulse echo mode would also be reduced to zero. The above argument can be extended to the detection of delaminations between the 2 00 and 4 1 h layers also (see Fig. 1 ).
1256 Specimens used for this study are polyethylene-rubber-steel cylinders with outside diameter of 30.2 em and height 12.5 em. Thickness of steel, rubber and polyethylene laminates were 1.3 em, 1.0 em, and 1.4 em respectively . The outer lamina of polyethylene has a circumferential groove of depth 0.5 em and width 0. 7 em. For the purpose of this study, three slot-like delaminations were created. The size and location of these are as follows: (I) () = 126°, depth 5.0 em and angular width 5.6° between rubber-steel interface, (2) () = 54 °, depth 4.9 em and width 3.5°, also between rubber-steel interface and (3) () = 86°, depth 7.2 em and angular width 3.5° at rubber-poly interface. The purpose of these artificial disbonds is to simulate the delaminations that can occur and establish the measurement criteria for a component.
Transmission data was acquired by using a PC-based interactive ultrasonic imaging system consisting of a pulser (maximum output -500 volt spike), broadband receiver, gates, display screen, etc. The display screen has a resolution of 450 x 512 pixels and 256 grey scale levels. The system is capable of updating the display buffer for visual observation during the data acquisition. The scanner can be programmed to control the rotational motion of the specimen and position of the scanning transducers. The cylinder can be scanned at 16 rpm and it takes about 10 minutes to acquire the digital data for each specimen. The scanning resolution is D.() = 0.70° and .:lz = 0.8 em. The system can create two-dimensional images from digital acoustic data, and also perform statistical analysis of the data. Various broadband transducers of center frequencies ranging from 2.25 to 10.0 MHz were used to excite an acoustic pulse. Some experiments were performed using a pulse-echo technique, i.e. using only one transducer placed approximately -5 .0 em away from the outer poly surface and gating the signal from the back of the laminate next to the interface under evaluation-which essentially can evaluate the disbonds at a particular interface of a multilayered structure . Data is also taken using two matched transducers . The transmitting and receiving transducers are fixed relative to each other along the radius vector of the multilayered cylinder centered on a turntable. For transmission experiments, the outer transducer, used as a receiver, is placed as close to the outer lamina as is possible. The peak detected received signal for each (z , 0) position of ultrasonic beam is digitized at a sampling rate of 25 MHz using an 8-bit digitizer and stored on a hard disk. This data can be displayed as a 2-D unwrapped acoustical image of the cylinder.
Three dimensional images (to scale) of the acoustical properties of the structure were created using a 4D/70GT Silicon Graphics System. An algorithm . was written to enable to rotate 3-D ribbon-like projection image of the transmission amplitude. This facilitates the viewing of the multilayered cylinder for analysis of location and extent of the disbonds.
1257 Figure 2 shows a 2-D unwrapped digital image of the variation in the amplitude for 2.25 MHz ultrasonic pulse reflected from the polyethylene-rubber interface. As discussed in the previous sections, the change in amplitude due to a simulated delamination located at 8 = 86 o and 5.6 em :S z :S 12.7 em is hardly distinguishable. This is due to the fact that the change in the reflection coefficient due to the absence of bond (i .e. delamination) is very small. The horizontal lines near the top are due to scattering losses in energy from the edges of the outer surface circumferential groove in the polyethylene lamina. However, if one images (Fig. 3 ) the variation in the amplitude of an echo reflected from the next inner interface i.e . rubber-steel, the notch at 86° is visible clearly. The other two notches-one located at 8 = 54°, 7.6 em < z < 12.7 em and other at 8 = 126° and 0 -:s_ z :5 5.1 em are also visible in the ultrasonic im-age. In order for the reflection to take place from this interface (rubber-steel), the energy must be transmitted from the previous interface. Any delamination at the previous interface reduces drastically the energy transmitted to this interface and thus provides a good contrast (i.e. change in energy) in the image of the "so called" reflected echo. Essentially it is the transmission through an interface which is useful for detection of delaminations as predicted by the mathematical model of propagation of ultrasound through a multilayered structure. The ultrasonic attenuation due to scattering is frequency dependent. Consequently, at a higher frequency (for example 10 MHz) the contrast and sharpness of the edges increases (Fig. 4) . - A computer routine was written to plot the digital transmitted amplitude as a function of (z, {}) in cylindrical coordinates (Fig. 5) . Figure 5b represents the variations in the amplitude as seen by the receiving transducer for the cylinder shown in Fig. 5a . The algorithm is capable of rotating the image around any specified axis. This allows the viewer to focus the attention on areas of disbonds. A movie has also been produced shm ing this motion of the ribbon-like 3-D image.
The severity of the disbond is determined by analyzing the 2-D unwrapped image. One can split the image into a set of disjointed regions, each with constant acoustic transmission properties, separated by well defined boundaries. 4 One can then define a class component, i.e. value of transmission amplitude within a region and a position component (z, {}). These images represent the variations in acoustic amplitude and ignore the irrelevant variations, such as relative position of transducer, noise fluctuations, fine texture, etc. The statistics of the total population of pixels is a mixture of the variation of acoustic properties of the component. One can estimate the relevant parameters, such as mean and variance, for the total digital signal element array and then select optimal thresholds for separating the pixels belonging to different populations based on the acoustic property criterion, i.e. transmission coefficient tends to drop in the regions of delaminations. Such a method of clustering by color or spectral band histogram helps in the determination of disbond areas of the component-even though the histogram presents no information whatsoever on the location of the regions. Our computer-based instrumentation allows us to generate such image statistics. Figures 6(a,b) show the histogram of 2-D 
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• _!_ images of two specimens. From these one can compute the percentage of the total area for which transmission is poor, i.e. possibly disbanded areas. Figure 7 shows a plot of such fractional area against the number of specimens. It is interesting to note that the curve is a typical S-shape curve, similar to the distribution function of a standard normal distribution.
We attempt to correlate the production sequence of these cylinders with the stiffness data 5 and average received ultrasonic signal for each cylinder. Figure 8 illustrates such a correlation. Even though it is very difficult to quantify the production sequence parameters, which are dependent upon the environmental conditions, there seems to be a strong correlation between stiffness data and above defined ultrasonic parameters used for characterizing these cylinders.
SUMMARY
In this paper we have demonstrated how the transmission of ultrasound through adhesively bonded cylindrical layers can be used to create a 3-D projection image of the acoustical properties of the interfaces. The rotation of the 3-D ribbon-like image enables us to identify and view the disbands at the interfaces from different viewing angles. Work is continuing to create solid 3-dimensional images of the structure depicting defects and debonds at correct (r, (}, z) coordinates instead of their projections in a plane normal to the radius vector. The effect of disbonds, to these structures under load is being analyzed using strain energy density, finite element analysis and suitable mathematical model. The results will be presented at a future conference and subsequently published elsewhere.
